Simulated surface tensions of common water models
Surface tension is an important property of water which has significant implications for the behavior of water at a variety of interfaces. The ability of computer simulations to reproduce this interfacial water behavior depends on the quality of the water model. Hence, several studies have been performed to determine the surface tension of different water models. Initially, the simulated surface tension values varied quite widely, 1-4 presumably due to the different accuracies of the various water models and the slow convergence properties of the computed surface tension. 5 More recently, consistent values of the surface tension of the SPC/E water model 6 have appeared which indicate excellent agreement with experiment. [7] [8] [9] This is somewhat surprising as most water models are developed to reproduce bulk water properties and one would therefore expect some errors for interfacial systems. Here, we present evidence that several of the previous simulated values of the surface tension of SPC/E water have overestimated, for a variety of reasons, the true value by a significant degree ͑15%͒. Three studies of the surface tension of SPC/E water have been presented that appear to be in good agreement with both the experimental data and each other. Alejandre 5 Our own studies using the SPC/E water model have also consistently underestimated the surface tension in comparison to both the experimental data and previous studies. Hence, our aim here is to explain the reasons for some of the different values appearing in the literature, and thereby determine a consistent value for the surface tension of the SPC/E water model. Having obtained consistent values for the surface tension of SPC/E water at 300 K, we then determined the surface tensions of six common fixed charge water models ͑TIP3P, 12 SPC, 13 The overall simulation approach is outlined in detail elsewhere. 7, 16 All simulations were performed with the GRO-MACS program v3.2.1 in single precision. 17, 18 The system involved a slab of 512 water molecules in a constant volume box of 1.97ϫ 1.97ϫ 10.0 nm 3 coupled to a temperature bath using a Berendsen thermostat. 19 Each system was equilibrated for 1 ns and then simulated for an additional 3 -5 ns during which the initial surface tension values ͑␥ o ͒ were determined from the diagonal elements of the pressure tensor according to the relationship,
where L z is the box length in the z direction and P ␣␣ is the ␣␣ component of the pressure tensor. 16 Electrostatic energies were determined using the particle mesh Ewald ͑PME͒ approach 20 with a convergence parameter of 3.1 nm −1 , a real space LJ and Coulomb cutoff of 0.98 nm, a grid resolution of 0.12 nm, and tinfoil boundary conditions. 21 The time step was 2 fs and SETTLE was used to constrain the water geometry. 22 The long range dispersion correction ͑␥ d ͒ was included in the calculated values, 23 giving a final surface tension of ␥ = ␥ o + ␥ d . The dispersion correction term varied slightly between water models. The average correction was ␥ d = 4.4 mN/ m and displayed a small decrease with increasing T.
Before determining the surface tensions of the different models as a function of temperature, it is necessary to investigate the effects of various numerical approximations made during the current and previous simulations. To do so we will focus on the SPC/E model at 300 K and quote all surface tension values before the long range dispersion correction ͑␥ o ͒ and after at least 5 ns of simulation time. The PME a͒ Author to whom correspondence should be addressed. Tel.: 785-532-5109; Fax: 785-532-6666; Electronic mail: pesmith@ksu.edu result for ␥ o is 56.7 mN/ m. Estimated standard deviations for the current simulations were 1 -2 mN/ m, but fluctuations as large as 8 mN/ m were observed between 1 ns subaverages. The same results were obtained for the SPC/E model using the double precision version of GROMACS.
Alejandre et al. provided a thorough analysis of surface tension calculations from computer simulations using Ewald sums and emphasized the need to include additional lattice vectors in the reciprocal space sum to account for the increased box dimensions in the extended ͑formally nonperiodic͒ z direction. 7 In particular, it is important to maintain a fixed ratio of the maximum number of lattice vectors to box length ͉͑n ␣,max ͉ / L ␣ ͒ in all three directions, especially at high temperatures. However, the systems simulated here have used the PME approach. This solves the reciprocal space sum using three-dimensional ͑3D͒ fast Fourier transform routines and interpolation using a 3D grid. Our calculations were insensitive to the grid resolution ͑between 0.08 and 0.16 nm͒ as long as the same grid resolution was maintained in each direction.
In an effort to establish a consistent surface tension for SPC/E water, we have reinvestigated the effect of using different numbers of lattice vectors ͑n x , n y , n z ͒ for the reciprocal space sum by determining the molecular virial, with the electrostatic contribution given by Eq. ͑A10͒ from Ref. 7, using 50 000 configurations spanning 5 ns obtained from the PME based simulations. In all calculations ͉n x,max ͉ = ͉n y,max ͉ =5, while ͉n z,max ͉ was varied from 5 to 30. This is the same approach as presented by Alejandre et al., 7 but performed at a different temperature and expanded to include averaging over multiple configurations. We note that the effect of increasing the number of lattice vectors had a negligible effect on the system energy. The resulting surface tensions are displayed in Fig. 1 . It is clear from Fig. 1 that one requires values of ͉n z,max ͉ ജ 25 in order to obtain reliable surface tension values even at 300 K. Furthermore, the limiting value now agrees with the atomic virial based PME results from the GROMACS program within the statistical error. The difference in values can be traced to the contribution of P zz which decreased as the number of lattice vectors in the z direction was increased. Unfortunately, although Alejandre et al. recognized this issue and increased the number of lattice vectors in the z direction accordingly, 7 they only included a relatively limited number of additional lattice vectors ͉͑n z,max ͉ =10͒ in their calculations at low temperatures. The effect of using a limited number of lattice vectors is to overestimate the surface tension. This issue has also been raised by Ismail et al. using an argument based on the mesh size used in the particle-particle particle-mesh ͑PPPM͒ approach. 5 The recent study of Wemhoff and Carey maintained the appropriate ratio of lattice vectors. 11 They observed lower values of the surface tension for SPC/E water, which is in agreement with the present study. A second approximation which can affect the simulated surface tension values involves the use of the PPPM method 24 for determining the electrostatic interactions during the simulation, followed by the use of the Ewald based virial expression to obtain the electrostatic contribution to the components of the pressure tensor. 8 This approach is often adopted as the calculation of the pressure using PPPM electrostatics is nontrivial and computationally inefficient. 25 We performed an equivalent simulation with the PPPM approach using a 40ϫ 40ϫ 200 mesh. Analysis of the resulting trajectory using the Ewald virial equation provided a surface tension of 65.3 mN/ m. This is significantly higher than the PME based result of 56.7 mN/ m. Hence, either the PME or PPPM methods produce different results, and/or one has to be consistent when determining the pressure tensor. Evidence for the former comes from the fact that the bulk liquid densities obtained from the two simulations are somewhat different. We find a liquid phase density of 0.987 g / cm 3 for the PME approach compared to a value of 1.017 g / cm 3 for PPPM. Evidence for the latter can be found in the recent study of Ismail et al. where their PPPM results for several water models ͑TIP3P, TIP4P͒ are in good agreement with our PME results ͑see below͒. 5 In many simulations it is common to use SHAKE 26 to constrain the water molecule geometry. However, the SHAKE algorithm involves an iterative procedure to satisfy the constraint equations to within a predetermined tolerance. Our simulations used SETTLE, 22 an analytical version of SHAKE developed for simple water models, which solves the constraint equations exactly. Simulations performed using SHAKE and a relative tolerance of either 10 −4 or 10 −5 resulted in surface tensions of 61 and 59 mN/ m, respectively, after 5 ns of simulation. Only after a further 5 ns of simulation did the average surface tension decrease to a result consistent with the value obtained using SETTLE. Hence, to obtain precise values using SHAKE it appears that one requires significantly longer simulations than have been used previously. This probably reflects the large contribution of the constraint forces to the virial, which can only be approximated by the usual implementation of SHAKE, and therefore provides an additional source of noise. The same conclusion was obtained after analysis of the corresponding trajectory using the molecular based virial. The use of 3D Ewald sums for slab geometries has been investigated by several authors and found to incorrectly reproduce the characteristics of the nonperiodic dimension even when using a relatively large vacuum region. 27 A simple correction for this problem has been suggested by Yeh and Berkowitz, 27 and involves the addition of a potential energy term proportional to the square of the dipole moment in the z direction ͑M z ͒. To our knowledge, the effect of this correction on the surface tension values of water models has not been studied. While the average value of M z 2 will be zero for our system, fluctuations between the instantaneous dipole moments could lead to changes in the surface tension. A simulation performed using the above correction results in an initial surface tension of 56.3 mN/ m. This suggests that the error arising from the use of a 3D Ewald summation with tinfoil boundary conditions for slab geometries does not significantly affect the simulated surface tension values of pure water.
In summary, conflicting values of the surface tension of SPC/E water have been observed most of which can be traced to a variety of numerical issues. Previous studies have either used too few lattice vectors in the z direction, 7, 9 or combined the PPPM and PME methodologies, 8 or used SHAKE with a relatively short simulation time. [7] [8] [9] 11 Consequently, our final value of 61.3 mN/ m for the total surface tension of the SPC/E model at 300 K is lower than most previous estimates. [7] [8] [9] It is, however, still higher than the value of 55.4 mN/ m recently determined by Ismail et al. using the PPPM approach. 5 Interestingly, their corresponding values for the TIP3P and TIP4P models are in excellent agreement with the results obtained here ͑see below͒. It is currently unclear why the data differ for just the SPC/E model. Our new value for the SPC/E model at 300 K is also in good agreement with a recently quoted value of 62 mN/ m. 28 Finally, we also examined the possibility of system size effects by simulating a larger system containing 4340 waters in a box with dimensions of 4 ϫ 4 ϫ 12 nm 3 . The value for the surface tension was 62.1 mN/ m and in very good agreement with the smaller system size result. Therefore, system size effects seem to be negligible. 7 In the present study consistent surface tension values were obtained for the PME based electrostatic energy, the SETTLE algorithm for constraints, and long 2 -5 ns simulations. Using this approach the calculated surface tensions of six different water models at four different temperatures were determined and are presented in Table I . The SPC/E and TIP6P models provide the best agreement with experiment at all temperatures. In addition, it is satisfying that our surface tension value for TIP4P at 300 K is in agreement with the limiting value obtained by Zakharov et al. for water droplets, 29 which was determined using rigid water molecules and the standard Coulomb potential with no truncation or periodicity effects. The revised value of the surface tension of SPC/E water, while displaying the best agreement with experiment of the simple water models, still underestimates the experimental values by 15%. In our opinion, this is to be expected as the SPC/E model was ͑i͒ developed for bulk water properties, 6 ͑ii͒ is nonpolarizable, 30 and ͑iii͒ overestimates the diffusion constant of water thereby suggesting insufficient hydrogen bonding even in bulk solution. 31 Nevertheless, these computationally efficient water models are consistently used in simulations of interfacial systems, and it is therefore important to know the appropriate surface tension values. 
